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ABSTRACT 


The distribution of shear stresses within the granular 
fill material of a cofferdam is qualitatively investigated by 
utilizing the science of photoelasticity and assumed ideal conditions, 

A brief history of the study of internal shear consider- 
ations is presented accompanied by a condensed history of achieve~ 
ments made by the application of photoelasticity to the study of 
soils in general, 

Three theoretical concepts related to the distribution of 
internal stresses within cellular cofferdams together with a concept 
pertaining to a double wall cofferdam are summarized, In addition 
there is included a brief explanation of the theory of photoelasticity 
and the essential elements of a polariscope, 

The original apparatus developed, and subsequent wodifications 
are discussed in detail, 

Preliminary testing procedures and difficulties encoun- 
tered are described in detail, The final testing procedure 
adopted is summarized, 

Results, for the five tests, are presented in the form of a 
series of photographa and curves, Tests were performed with the fill 
material being placed in a dense and loose state respectively, 

The test results are evaluated and appropriate general 
conclusions are listed, 

Vethods of minimizing or eliminating experimental diffi. 


culties are presented in the recommendations, 











PaRT } 
INTRODUCTION 
A, HISTORICAL REVIAW 

Since the beginning of time man has becn trying to hold 
back the waters, Through the agés various methods and matcrials 
have been utilized for this purpose, At the present time one of 
the structures utilized for this purpose is the cellular cofferdan. 

A cofferdam is a toxnporary structure built for the purpose 

of excluding earth and water from an excavation in order that 
work may bo done in relatively dry conditions, 

A cellular cofferdam consists of interconnected cells 
made up of interlocking steel shccet piling which are subsequently 
filled with granular soil. Since they arc uscd wherc the arsca to 
Piewexcavated is of considerable extent, thc calis are designed as 
selfstable units, 

The first csllular cofferdam was built at Block Rock Harbor, 
New York, at the turn of the century (19). 

In 1910, cellular construction was utilized in the salvaging 
opcrations of the battlcshiv Maine in Cuba. Since that tine 
ecllular corfsrdams have becowe incrcasingly comzon because they 
provide satisfactory service and are cconowical whcre large lateral 
pressurcs arc cncountered, Through the years, expericnes and 
investigation have continually presented the designer more vivid 
conceptions of the factors which detcrszine the stability of these 


necessary structures, 





The sranular fill placed within a ecllular cofirercda won 
only provides stability but is also one of ths means of failure of 
a cofferdam - that is - by shoar defornations created by inward 
al GLNE « 

Internal shear consideration was initially considered 
by the T. V. A, Znginsers in the early 30's (19), 

Subsequently an attempt was made by Pennoycr (13) in 1934 
to 6xplain mathematically occassional lcaning or distortion of 
the cells becausc of evident lack of intcrnal shear resistance of 
the soil in the célls, 

In 1945, a valuablic and significant contribution was 
presented by Yarl Terzagni (19). It contained an extcnsive discussion 

and metnods of analysis on the rational design procedure and 
behavior cxhibited by ccllular cofferdaa construction, 

A method of analysis to dctorsine the distribution of 
pressurc within cellular coastruction was pruscnted by Profcssor 
J. Verdeyen in 1948 (21), 

Recently, a papcr published by 3, li. Cumming (4) prescnts 
a new concept as to the mode of failurs of coffcrdams as a result 
Sr insurficient intcrnal shear resistance, 

Photoclasticity was first introduced to the cnezinccring 
world at the turn of the ccntury by Professors 3s. G, Coker and 
L, N. G. Filon of thc University of London (10). However, it was 
not until the carly 1930's that pnotoslasticity was applicd to the 


study of soils, 
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Photoelastic patterns of stress distributions under footings 
were described in a bulletin published by Professor W. S, Housel 
ine 29 (9) 

Four years later an investigation was conducted by a 
comittee of the American Socicty of Civil sngineers, to visualize 
the stresses acting in a foundation and its supporting ground, 


The "bulb of pressure" 


in the supporting ground was visualized by 
using a polariscope and bakclite modol (15). 

In 1955, a photoclastic investigation was conductcd which 
prescntcd the points of high stresses and gonceral bchavior of 
shrinkage stressés in masonry dams by utilizing a bakclitc model 
(17). Also in 1935 an extensive mathematical Soar, in cone curen 
with problems in plane strcoss and plans strain, was applicd to 
the photoclastic analysis of dams by John H, Brahtz (2), 

In 1940 licsscrs. Farquharson and Hennes: conducted 
experiments in order to provide cngineers with a rscord of expcrimental 
difficulties cncountered and proccdures evolved to overcome the 
difficultiss in utilizing gelatin wodels for photoclastic analysis 
of strcss distribution in carth masscs (9), 

The distribution of stresses and thcir relative order of 
Magnitude in soil slopes was the primary objective of an investigation 
conductcd by EK.KHOO-TAN in 1948 (18). 

The most recont use of photocglastic mwethods in the analysis 
of soils was prcsented by Dantu (6). This investigation was aimed 
at understanding the manner of stress transwission and the geometrical 


and statistical structurcsc of aoncohesive masses, 
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B, STATEUANT OF PROBLEM 

Provious discussions reveal that, at tho proscnt time, 
there are guveral concepts which vary in detail as to the manner 
in which stresses are transmitteod in a tofferdam subject to tilting, 

It is readily realized that the cxact analysis of the 
behavior of the fill material within a cofferdam is highly inde- 
terminate, if not impossible, However, by assuming an idcalized 
condition it becomes possible to demonstrate the distribution of 
strcsses with some assurances, 

Recent contributions in the understanding of the complex 
behavior of soils, have resulted from a concentrated effort of 
utilizing all availablo knowledge rcgarding fPundaxcntal phenomcnon 
Gaevne solution of any soil problicn, 

One of the uscful tools préscntly available for the 
dégtormination of stress concentration in statically indeterminate 
structures is the science of photoclasticity, 

In view of the above, and thc fact that no previous work 
of this naturs has boen called to tho attention of the author an 
attempt is hereby made to initiatc and dcvolop a simple tochnique 
and procedure to investigate shear stresses in coffordams and to 
visualizes the distribution of strcsscs in a cofferdam in order to 
provide some additional information on such a highly complex and 


indcterminate problem, 
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PARL II 
TLHaO RY 

Previous considerations indicate that thc cxact 
calculations of coffordams is difficult and complex, As a result, 
numerous theorics dating back to 1941 have becon published, 

Generally the analysis for the stability of a coffcrdam 
includcs considcrations rcolative to (1) gencral stability, (2) 
resistance provided at the joints and (4) the state of cquilibrium 
of the fill material and drainage, 

Since this thesis is primarily conccrned with the internal 
stability of the fill matcrial, thc author has summarized the 
internal stability considcrations as presented by Messers, Karl 
Terzaghi (19), &. . Cummings (4), Jacques Verdeyen (21), and 
Packshaw (19). 

For detailed considerations and discussions the rcadcr is 
Menerurca to the respective refercnccs, 

A. CONCEPTS BY TERZAGHI 

In 1945, Karl Torzaghi omphasized the fact that one of 
the ways in which a coffcrdam may fail is by the shear deformation 
created by inward tilt, Ficld expcricnee indicatcd that the 
horizontal deflection of the crest can be slightly larger than ten 
percent of the hcight of the structure without causing structural 
injury to the coffcrdam, 

According to Terzaghi the horizontal deflection depends on 


the elastic propcrtics of the fill in the coffcrdam, and that the 





rolation betwesn the unbalanced horizontal pressure and the corre- 
sponding dcflection is similar to the relation bctwcen stress and 
BUrains if soil in goneral, The strains inva soil) inercacc 
approximatcly with the squarc of the stress whcroas the deflection 
of the crest inercascs roughly with the squarc of the unbalanced 
horizontal pressurc, As shown in Figure I, both the strains in 

the soil and deflection of the crest incrcase at a slowly decreasing 
howe Under constant stress or preésuurc conditions. This was 
demonstrated by I, A. Rimstad (18). 

The analysis is based on the assumptions that the distri- 
bution of pressure at thc bass of a céllular cofferdam resting on 
rock, as Shown in Figure II is such as shown by the linc xy in 
meeure Iii, and the shear streeses acting at the contact surfacc, 
bctween the fill and shcct piles prior to the application of the 
overturning moment li, arc disregarded, 

The shadcd area in Figure III indicatc the strcsscs on the 
base duc to the overturning momcnt M, If the arca of each shaded 
trienele is representcd by Q we can write the oxpression 

M=2bQ or = M4 CL) 
wherc in the extcrnal applicd momcnt is resisted by the internal 
Couple with force Q and a lcevcr arm of 22 

Static cquilibruiu rcquircs that the total snear force on 
the neutral planc GK pcr unit length of the coffcrdam must be 
equal to Q, Tho shoaring rosistance S per unit length of thc dam 


on this planc must be equal to the product of the carth pressure 
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p and the cociricicnt of intorneal Frictiea ef tee o1 eee 
Garth pressure por unit of arca of vcrtical section at depth z ia 


expressed by 


T~ 6) tal (2) 


where w is the unit weight of the soil and OC is an 
Smeirical constant comuonly referred to as the coufficicnt of carth 
meeoourG, oince the prcssurc distribution 13 assumed to bc hydrostatic, 
the total carth pressure P on planes GK per unit length of the dam is 


represented by 


P=SurCh’ (3) 


Weeme oto Lic Neieae Or tie ceoricrdam, vlhercforc. tune 


shearing resistance 8 19 exprcsscd by 


S =Ptand =LurCh pan (4) 
This shearing resistance is augmented by the friction in 
the intcrlocks bccause no failure by shcar along Gd, can occur 
without simultancous slippage of thc intcrlocks in the planc, 
Terzaghi concluded that the siucar rosistance through the 
imei in & cGllular coffcrdam and lock friction at best can only 


be estimated because of thc complcsx naturc of the factors involved, 
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B, CONCEPTS BY &E, M, CUMMINGS 

The following discussion is based on the assumptions that 
the stability of a cellular cofferdam against failure by tilting 
depends largely upon the horizontal shear resistance of the fill 
material and that the moment of resistance against tilting remains 
constant for external loads which may be represented by a triangular 
pressure diagram. 

Figure IV presents a sand filled cellular cofferdam 
resting on a horizontal rock base, which has tilted due to lateral 
pressure as indicated by dotted lines, Line AE represents a plane 
at the angle of internal friction ¢, The shear resistance on 
plane AE is equal to the tendency of the fill above to slide on 
AS, As the cofferdam tilts point = moves to E!, and the new plane 
A'S makes an angle ¢!' with the base, Since b> é the fill above 
AIR slides down a steeper slope, The fill below AH is transformed 
into a passive state by the lateral thrust and the fill above Au 
acts as a surcharge, 

Figure V represents the tilting failure of a cellular 
cofferdam by sliding on planes parallel to the rock base, 

The dimensions and lines of action of forces acting are 
shown in Figure VI (a), sSincsc the fill above AE slides when the 
cofferdam tilts no internal lateral resistance is accumulated 
between the top of the cofferdam at C and point H, The sheet pilés, 
stiffened by the fill above & merely transmit forecs which are 
applicd above point & to the completely confined matcrial within 


the prism acd, 
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In developing the ultimate lateral shear resistance at any 
depth y below E, force Ry is equivalent to the resistance to sliding 
of prism OFGH on plane FG, which in turn is equal to the product of 
the weight Wy of the prism and the tangent of the angle of internal 
meaetion 2, 
Thus Ry = Wy tan ¢ (5) 
and We =w(a+y)y cotgwhere w is the unit weight of 
the fill material, therefore 
Ry = wlay + y*) (6) 
The forces R which develops the ultimate lateral shear resistance of 
the entire cell is obtained by substituting y - co. 
Therefore R = wac+ c“) Ge 
whe re ON Hatin os eval El = 9 a 
The equation is represented praphically in Figure VI (Ch), 
The area of this diagram is equal to R, Summation of 
moments about the base of the cofferdam shows that the moment of 


resistance Ms is expressed by 


Ms=R, +R (8) 


= Me wae (Seur(S) ©) 
2 3 
whe re Me Me ( 42 4 -) (10) 


Since the lateral force R, which develops the maximum 
lateral resistance, is equal to the weight of the fill within the 
cell times the tangent of the angle of internal friction we can write 

R = wbh tan ¢ (11) 


Tho height y of the resultant R above the base may be 
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mound as TOLIOWS 
-_ Ms _ Ms 


R ~ Wbh fan o a 


The internal and cxternal pressure distributions asswimmed 


arc shown in Figure VII, 
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CG. GONCEPTS. BY JACQUES VERDSYEN 

A discussion as presented by Verdeyen in reference (21) 
is based on the following assumptions: 

1, The walls are inflexible, 

2, The thrusts and counter thrusts of earth occur ina 

manner similar to the Coulomb Theory, 

3. iovements of the walls are similar to rotations 

around their base, 

4, The slip planc is the same as that which is produced 

in soil of indefinite length only retained by a wall, 

A ccllular coffcrdam subject to a latcral thrust W tilts 
in a manner shown in Figure VIII and assumes the shape AB'C!D, 
Equilibrium must bc established between thc resultant P, which is 
the weight of prism ABS, the prcossurc Ha on wall AB and foree Q 
acting on slip plane Ad, 

The extornal thrust W is countcrbalanced by the resultant 
of the passive prcssurcs which may devclop along CD and which 
arise from prism ACD, 

The distribution of active pressure on wall AB is shown in 
Figure Ix (b). Possible distribution of passive earth pressurc on 
wall CD is shown in Figure Ik a(2), The cxtcrnal pressure diagram 
on wall CD is represented by trianglc CODD! in Figure IX a, 

According to Verdeyen these pressure distributions are 
not applicable to ccllular structures because the walls which form 


them have slight stiffncss and in addition the shect piles become 
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16 
misheapen under the cffccts of carth pressures at AB and coxtcrnal 
prosource at CD. Thersforc the walls arc distorted im aman. 
shown in Figure X,. Figure XI (b) represents the active carth 
proscurc distribution on wall AB, whcercas Figure XI a repreocnts 
the possible passive pressure distribution, 

If themwalle ere conzidcrod ~o be flicxibic, wo find tiew 
the active pressure dictribution on the inner wall AB is no longer 
Gaeenpulear pbecaucc the deformation of the wall created prescure 
Gemeentrations at thc top and base of tne wall, 

By auswaing that the rosultant acting on the dcoforwcd wall 
AB has thc seiic valus as that which is found if a triangular 


Seer ipuUtvion were uscd woe find that 


2 
Ra=whC (13) 

whe re Ce = Fap* (45-£ ) 
Semouclincd in refercnes (21), a graphical solution rovcalse that 
the greatest pressure acting on wall AB occurs at the basc and is 
equal to p= ur A Ca (14) 

iicedistrwourion om orcesurc on wall CD 16 concidered: ia 
the following manner, S&xtcrnal prcssurcs deform the wall which 
Pemcesagainst the Garth fill matcrial, Shect pilings, have thsir 
own cotiffnocs which is neglected, At cquilibrium the wchect pilos 
merely root against the fill and arc not strcoscd, then wall Cd 
momtiexod 42 thrust with a lincar passive prescurc occurs where as 
moe saecpcr rczions arc influenced by the fact that the carth ia 


confincd within two walls which arc couparativcly closc to cacn othaor, 
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20 
If the deformation is sufficient, the slip planes which occur have 
a tendency to draw close to horizontal planes, At moment of slip 
Coulouwb's relation for granular soils may be used, Thus 
S=htan D CLS) 
wnere S is the tangential pressure and M is the normal pressure 
as shown in Figure A. The angle of internal friction is 
represented by ¢. Consider a horizontal plane at depth z and 
assume that the normal pressure due to the weight of the fill is 
uniformly distributed, This assumption is only true before external 
loads are applied, ‘The resultant normal pressure is expressed by 
h=Wbz i 
where w— is the unit weight of the material. Therefore the resultant 
tangential pressure is 
S=w6hz tang (17) 

At the moment of load application, the smallest thrust 
existing against the wall is a active thrust, After loading and 
deformation have taien place, the tangential pressures cone into 
action at z and the total resultant of pressures acting above z is 

2 
Wes =wA2 tan D + 4 te) 

To find the pressures which give rise to these resultant 
pressures a graphical procedure is outline in reference (21), 

A check must be made to sec that this resultant is greater 
than the resultant W of the external pressures which is represented 
iaerieure ALI a, 

If we substitute 2 = h we can coupute the total resultant 


pressure by using 


R=whh tand tuk Cag 09) 





al 
The ratio——shows the extent of safety obtained, If tuis 
ratio is given a value wo are able to calculate the corresponding 
va.ue of b, witich is the srfective width of the cofferdan. 
Verdeyen in his conclusion omphasizcd that the 


calculations are approximate, 
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D. CGQNOSPIS BY 5S, PACKSHAY 

A double wall cofferdam is constructed by driving the two 
longitudinal walls of piling in a straight line which are sub— 
scGquently ticd togcther by tie rods located near the top. The 
inner walls act as a siupl¢ vertical beam, 

The garth pressurc used in the dcsign of the inner wall 
is derived from the formation of the unstable wedge AaB where aa 
is the assumed failure line as shown in Figure XII, Inner wall 
pressure can be obtained from a triangle of forces consisting of 
the weight of the wedge W, the earth pressure P!, and the reaction 
Q along the failure plans, The carth pressure is cqual to the active 
Rankiné pressure when the angle of wall friction is zero, 

Figure XIII ropresents the arproxiuate distribution of 
pressure and resistance for a dam locatcd on rock naving relatively 
stiff walls, 

The outer wall withstands an inward pressure duc to the 
diffcrence in watcr levels outside and iasidcs the dam and is subject 
to tic rod load T imparted by the inner wall. To balances these 
forces earth resistanco is developed by soil wass ADCa of Figure All, 
This resistance is obtained by assuwing that the unctable wedge 
AaB does not affect the resistance, except that force 4 is considered 
as a supcr load applicd to plans of rupture Aa. The soil above Aa 
aS GXpanding whereas the soil to tic left is contracting. An 
intermediate zone would contain the soil in an at rest condition, 


ror any point such as a or b the least resistance will be 
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developed by failure along a planc coinciding nearly with aA or bA 
respcctively, By dividing the arca AJCa into a scrics of wedgcs 
radiating frou A, equilibrium of forces for wedge AbCa must be 
Ssatisficd, The forccs acting include the wocight W, of the wedge, 
foree \ from the pressurc wedge, reaction g along bA and the cartn 
resistance P,; along bC. A polygon of forces can be drawn to 
detcrminc the magnitude of the last two forccs whose directiono 
are znown, the construction can be repoated for succcssive wedges 
60 as to obtain the rcsistance duc to cach wedge. The potcntial 
résistance linc, which shows the rcsistancc that the soil can 
develop at narrow depths is indicated in Figure AIII, 

A resistance ling starts from point C or from interscction 
of failure ling with outer wall. Usually vcry little rcsistance 
is devcloped in the upper quarter of the wall. Below that it 
inercascs rapidly. The léast pressure on shecting 1s the active 
6arth pressure of the fill matcrial, If a act diagram is used in 
design, it is found that tuc reaction at the uppcr support — that 
mempcneG ole rod load — docs not cxactly correspond to the full T 
from the inncr wall. Probably the rcaction at outer wall will be 
stialler than T, as a result the effcct of the cxecss tic rod load 
will bc to draw the wall ia toward the fill and wobilizc sous of 
ivempoucitial résistanc: until the acc¢ssary incrcass in pressure 
behind the wall has bccn obtaincd, as snown by closc-—hatched arca 


iieeteure XIII, 
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B. PHOTOSLASTIOITY 

The scicnee of photoclasticity is one of the wain methods 
by which a complete cxploration of maximum shears in a planc strcss 
field can bo detcrmincd with speed and accuracy. It provides a 
method whereby an cntiro stress ficld may be covered in one pattern, 

Photoclasticity is based on Brewster's Law which states 
Meeeetreas causes optically isotropic matcrials to becoie doubly 
rofacting, If a transparent modcl is stressed in its plane and 
subjectcd to a normal polorized ray, this ray will bce rcsolved into 
two component rays cach vibrating in a planc of Principal stress, 
These conponcnts travel at diffcrcnt velocitics through the trans-— 
Parcnt medium, Thercfors, the wave front of onc wave travels 
ahead of the other by a small distance. If upon leaving the 
medium, thc two cowponents are combined to vibrate again in the 
Seeeeplanc, intcrfercnee taxics place duc to the relative displace— 
Ment, the differsnce of principal strcssss is directly proportional 
to the rclativs displaccuent and is also cqual to twice the maximun 
sncar at tne linc of passagc, Tnis differocnec of principal stresscs 
changcs continuously from point to point, As a result, optical 
displaccucnts will also change aad isochromatic bands will forz, 
Thess isochromatic lines indicate points of cqual waximum shcar, 

By mcasuring tne positions of planes of polarization and 
weer Oirtcrcncc, it 16 possible to coupute ths principal stressés 
Eemevory point in the wodsl, 


figurc XIV is a grapnical roprescntation of the cssuntial 
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Glemsnts and optical transrornmations that occur in a planc polari-_ 


scopc, A schsmatic diagram of the circular polariscope is whown 


For a dstailed description of »shotoclasticity the reader | 


is referred to reference (10), 
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PARLE 
APPARATUS 

Since the thesis was of a basic rcscarch type, the apparatus 
uscd was gradually developed through a trial and crror process, 
liodifications were wade as each test was conducted, and are 
cxplained in detail in othcr parts of this thesia, 

A, POLARISCOPE. 

At the outsct of the investigation a standard Gcneral 
Radio Co:izpany Polarisconc, TYPE.No, 1534—A, serial Mubcr 104 was 
uscd, The light source contained a 100 watt bulb which was locatcd 
Bead a light diffuscr type 1534-P2. Cireular 10 inch oolarizcr 
and analyzer type 1534-P, with gradations frou 0° to 90° were 
mountcd on fraucs which could be moved along two rails and clamped 
in any desircd locution. A grecn filter typo 1534—~P5 was located 
betwecn the diffuser and the polarizer, The coupletcly asscmbled 
MeeerrscOpG is shown in Fizure «VI. 

2 JAGR) velo RUG ELON Be Cae le 

(has consisgtcd of a Soil Test Wacnine, wodul e110. made 
meet! Testing Scrvices, ivanston, Illinois, The cquipzcnt was 
Slightly wzodificd to provide a tensilc load rather than a co ipressive 
foree. It consisted of a differential pullcy sountcd on a shaft 
which in turn was comicctcd to a sect of worm gears, Through these 
worm gcars tne loading shaft could be wade to advance or rctract. 
The shaft was in turn comicetcd to a 100 pound proving ring on 


woich a dial was mountcd, <A slecve containing two set screws was 








Figure XVI ELSMEANES OF THs POLARISOOPE 
(A) Analyzer, (B) Polarizer, (C.) Filter, (D) Light 


source with diffuser, 
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mounted on the shaft. A 2 inch stecl svacecr strip was screwed into 
placy on the other end of the slecve, The spacer containcd tHe 
1/16" holes through which two stecl rods were inscrted, The rods 
wore threaded at their cxtromitics and two nuts were provided for 
sach end. The opposite end of rods contained an aluminum spaccr 
strip which containc! a pointed screw in the céatcr. This pointcd 
scrcw was inserted in a hols punched in the vertical mcmbdcr of 
fie modcl at the desired point of aoplication, Inis sct up permitted 
dae load to be apolicd at any clevation from the bottom of the 
Pode] to thc top, 

Kotor The powcr was supplicd by a gcarcd down Delco 
Lotor wodel A2120, which was rcwound in ordcr to incorporatc a 
revcrsing switch so that tic load could be stopped at any dcesircd 
Pagteant, The load application devicc is shown in Figure «VII, 
CG. MODeLo 


For preliminary investigations a wooden modcl, consisting 


b 


mee x «1G bass and two 2" x 4" x 12" vertical walls conicctcd 
to the base by strap hinges, was uscd. This wooden zojcl was uscd 
to test the fcasibility of tins project aad also to sclect tac 

Moet scnsitive photoclautic waitcrials. 

A stecl wodcl coastructed of a” x 14° stcol was uscd during 
Meewexpcriucat, Two vsrtical 12" strips wore conucctcd to a 18" 
basc by ucans of strap hingscs wnich were brazed to the vertical 
walls and bass picec respectively. Ons hinge was placed on the 


insidc and the other was placed on the outside. Two aluwinun 








Figure XVII LOADING DEVICs 
(A) Proving ring, (B) Steel extension rods (C) 
Reversing switch, (D) Motor, (Z£) Frame and pulley 


belt, 
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Figure XVIII OOFFERDAM.LODELS 
(A) Wooden model with assorted cylinders 


(B) Steel model with epoxy resin cylinders. 
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strips were used to tie the vertical members at the top, These 
strips were placed in such a manner that the sides of the model 
could move frecly. Tho inside dimensions of the model werc 9 3/4 
inches by 11$ inches, Both types of models are shown in Figure AVIII, 
D, PHOTOGRAPHIC BQUIPMENE 

Gamera <A Auto Graflex, curtain aperture camera with a 
f 15,5 om lens and modified for 120 roll film was used, 

film The film used was Kodak TRI-~A-~120 roll film, 

vubsequent tests revealed that the light sourcc was not 
sufficient, This was corrected by removing the light source located 
on the polariscope and using a Delineascope Model D, Number 47314, 
Tne completely assembled apparatus is shown in Figure XIK, 

HB MATERIALS 

The p hotoelastic matcrial used during the investigation 
was thé opoxy resin 6000A, manufactured by Houghton laboratories, 
Olean, New York, Technical data and specifications for the mtcrial 
arc found in the Appendix, 

The + inch rods were received in 3 foot lenghts, These 
in turn were cut on a steel band eaw to 14/16 inch lenghts, and 
subsequently turned to .750 £ .002 inchcs on a lathe, iachining 
proccsses were accomplished as recommended by the manufacturer, 
Approximately 189 fect of rod were cut and uscd during the experiment, 
An attcmpt was made to order various diameter sizes ranging from 
1/8 inch to 1/4 inch, However, the delay in shipment and excessive 
costs prevented the usc of these sma ller sizos, The 1/4 inch 


diameter rod was the smallost standard size available, 
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PARE IV 
METHOD OF PROGEDURS 


Since the investigation was basic in nature, many initial 
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problems oncountercd required trial and crror solutions, Therefore, 


the procedure is subdivided into a proliminary phase and a final 
phasc, The preliminary phase doals with tho initial problems 
and toc mothods uscd to overcomes thesc problems, Considorationa 
in the final phasc will include the technique and proocdurse used, 
as devcloped in the preliminary phasc, from which the results of 
the investigation have been detcrmincd, 

A. PRELIMINARY PHASE 

The main objective of the preliminary phase was to: 

1. Select the photoelastic matcrial to be used, 

2. Devisc the most suitable apparatus, 

%,. Determine the required appcrturs opening and time 

exposure for sharp and distinct photographs, 

4, Most cfficicnt arrangemcnt of the polariscope, 

Dem lproved Gevelopine) aid pringing technique, 

A wooden modcl, as dcscribed previously, was uscd for the 
purpose of sclecting the most scnsitive photoclastic material. 
omall cylinders of lucitc, merbolitto and cpoxy rcsin were used, 
These were stacked in thc model and wooden cylinders of assortcd 
siz¢c3 were used as 4 filler material, The photoclastic cylinders 
were coated with a light coat of mincral oil, A lateral load 


was applicd and thc modcl was obscrved ina polarized field, This 
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simplc tost revealed distinct stress patterns within the epoxy resin 
which altcred as the load was slightly changed, As a result the 
epoxy resin was sclected for usc in the investigation, 

The loading devicc described in the "Apparatus" scction 
was uscd throughout the investigation, Calibration of thc proving 
ring was don¢ with a spring balance and the calibration curve is 
shown in Figure XXX, 

At this stago of the investigation, the stecl modcl was 
Used, in stacking the cpoxy resin cylinders within the model, it 
was noticcd that an integral numbcr of cylindcrs could not be placed 
adjaccnt to each othcr, This necessitated the placcment of a 4" 
Seee! Strip on thc inside of the loudcd wall and fastened to it 
by = inch flat head, countersunk scrcws, To prescnt a horizontal 
surface at the hasc a similar strip was placed and fastened as 
@eecribcd apove, This was donc to climinatc the uncven surface 
@e@ueed by the hingc placed on thc inside of the modcl, This modificd 
arrangcment permitted the placcxcnt of 38 cylindcrs aligned in a 
row adjaccnt to cach other across the width of thc modcl, The 
now inside hcight of the modcl was 114 inchos, 

Photographing techniques werc accomplishcd by loading the 
modcl and taking photographs at various lcns openings and tine 
cxposures, Contact prints rcvcalcd that a lens opening of f 4,5 
with a timc cxposure of 1 sccond produccd sharp and distinct 
pnotographs, 


To obtain the best arrangement of the polariscope a 
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Similar proccdurs was usod and tho following polariscopo combinations 
wore uscd; 

1, Grosscd.and parallel plans polariscope vwsine aun a 

Pichu. sOunmce. 

2, Crésscd and paralicl plano olarisgcope visins sor com 

filter which provided monochromatic light, 

4, obandord crosmed circular polariscepa, 

4, Circular polariscopc with various oricntations of 

the quartcr wave platcs, 

As a result of these tests, the standard crossed plane 
polariscope was scicctecd, It produccd sharp and distinct strcss 
pattcrns, This earrangcmcnt was uscd throughout the invcstigation, 

At this stage of the investigation it was observed that 
the light intensity was not uniform and that the stress pattcrns 
Mememeistinct within @ circular zonc 2 inchcs in dianetcr only, 
Perprons outside this zonc were blurred, To reotify this condition 
the back portion of ths diffuscr was removed and a dilencascopc. 
vogcther with a 5 inch convex Icns with a focal length of 10 
inches, was incorporated in the apparatus, This arrengcment increased 
Ueemranes of uniform light intensity to a 5 inch circls, but 
Simuitancously decrceascd tho sharpness of stress pattcrns in that 
Diemmaye Of light werc not paralicl, 

During this preliminary phaso it was also observed that 
tMemcnds of thc cylinders becamc cloudy after a pcriod of about 


POwminutcs, Beccausc the time clement prevented the polishing 





Df 


of the ends, the writer decided to lightly brush tho ends of the 


cylinders, with an ox hair brush, immediately prior to the taking 


of a photograph, Although this procedure minimized the condition 


it was very inconvenicnt, 


B, FINAL PHASE 


The arrangement shown in Figure XIX proved to be the most 


effective for the cquipment available and the limited time available 


for conducting the investigation, 


Final tests worc conductcd in the following manner: 


1, 


Cylinders worc placcd individually within tho modcl, 

in layers, to a hcoight of 2 inches bclow tho top of the 
model, 

Glass plates and a lovel werc uscd to align the cylindcrs 
so that tho cnds were located in vertical planes, 

An atomizer was uscd to coat the cnds of the cylinders 
with oil. A combination of halowax and mincral oil 
produccd an indcx of refraction similar to the 
cylinders, To providc a minimum coat. ofoil and uniform 
distribution the atomizcr was used at a distancc of 

1 foot from the modcl, 

The modcl was then placed on a wooden block and 

clamped in placc, In prolimimyry testing tho bage 

of the modcl near. tho loaded wall was raised as tho 
lateral load was applicd, This condition was rectificd 
by clamping the modcl with G-clamp to the wooden 


block, 
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Figure XIX FULL ViaW OF EXPERIMANTAL SeTUP 
(A) Dolincascopo, (B) Convex lens, (C) Extensomoter 
dial attached to polariscopo, (D) Stecl model, (E) 


Loading devico, (F) Roversible switch (G) Gamera, 
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5, A oxtcnsomcetor dial was placcd at the = point of the 
unloaded wall, This dial recorded the horuzcural 
displacsument of the wall, 

6, Prior to the application of ticslcad inc van 
apparatus was checked in both the vertical and 
horizontal dircetions to ascertain that the cquipment 
was lcvcl and that the ray of light was normal to the 
cylinders, 

ve. « pRotograph was taken of the model in an unloadcd 
Ste tC, inc dinatagl roading, on tne looding rine and 
Gxtensomcucr dial, waco mecordcd, 

en ihc motor waco St1rtcaeand tne load Was applied fora 
period of two minutcs, At this point the motor 
was stopped and ruadings of the loading ring and 
cxtcensometcr dial werc rccordcd, A photograph was 
taken and the load was again applicd for an additional 
2 minuto period at which time the proccss was rcopcatcd 
Mati fad lune occurred. 

Tests werc conducted for thc following arrangements, 

iPeecCvlINdGYeeplaccd, 1M Gsdcusc.conariion. 

e. vUylinaers placcd ama lotse condition, 

TO achicve uniformity in the results the cylinders were 

Removed, wiped dry and rcpleaccd in the modcl after cach tcst, 
This task proved to bc tedious and timc consuming, xtreme saution 


had to be utilized whsn loading the cylinders in the loosc state, 
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A slight disturbance would collapse the structural arrangement 
and necessitate the removal of the cylinders and repeating the 
loading procedure, This condition was eliminated by clamping 
the unloaded wall to the base with a o-~clamp, 
GQ. DEVELOPING- PROCEDURE 

The exposed TRI-X film was developed in a Kodak tank 
using Miorodal solution, Initial rolls were devcloped ina peniod 
of 15 minutcs, Developing time was increased 4 minutes for overy 
additional 4 rolls processed, Washing time was 30 seconds in 
ordinary tap water, Kodak acid fixer, prepared as recommended by 
the manuffaoturer, was used to fix the film. The time of fixing was 
oneé~half the developing time and not excceding a maximum of 10 
minutes, Finally, the film was washed in running tap water, for 
a period of 15 to 20 minutes, The film was wiped and pormitted 
to dry overnight, 

D, PRINTING PRCCEDURE 

Contact prints were made by exposing the negative to Kodak, 
Resisto N.2 photographic paper ina printer, A 4 second exposure 
produced the desired results, Thc print was then immersed in Dektal 
solution for an average time of 45 scconds, It was then suspended 
in a 28 percent acetic acid bath for 30 scconds, Final fixing was 
accomplished ina Kodak acid fixer solution for a period of 10 
minutes, Aftcr washing in a print washer for 20 minutcs, the printe 
were removed and dried with blotters, Final drying was accomplished 


by using a ROTO photo print dryer, 
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PART V 
RESULTS AND DISCUSSION 

The purpose of this portion of the study is to describe 
in detail the results obtained, Difficulties encountered with the 
apparatus and the subsequent modifications have been discussed. 
previously, Therefore, this section will be primarily concerned 
with the photographic results obtained in five tests, 

Results are presented in the form of a sontinuous series 
of photographs taken at various time intervale and a load versus 
yield curve, A detailed discussion follows the results for each 
test, 

TEST I 

This test was conducted with the apparatus arranged as 
shown in Figure XIX, except that the original light source mounted 
on the polariscope was used, The cylinders were stacked in a dense 
state - that is -— each cylinder had six contact points. The model 
contained 1350 cylinders, 

Prelininary tests revealed that most of the internal 
activity ocourred in a zone which extended from the center of the 
model to the unloaded wall, As a result the photographs were 
taken to include the unloaded wall as the left boundary, the base 
as the lower boundary and cover approximately 70 percent of the 
model, The photographs are shown in Figure XX, 

The testing procedure outlined previously was used and 


the tabulated readings are shown in the Appendix, 
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No load condition with residual stress patterns in 
the cylinders. 


0.0 % 


iN 


Load = 0,0 Lbs, Yield 
load = 0.8 Lbs. Wievdw=s0.6 % 

Glight "wave" begins to form in sentral portion 

near the horizontal referonce line. 

load = 0.9 Lbs, totems leo 70 

"Wave" crest increases in a vertical direction | 

load = 1.0 Ibs. Yield = 1,9 % 

"Wave" extends in a horizontal direction. 

fonda les ths, Yield = 2.6 % 

Wave action increases and extends helow the horizontal 
reference Jing, 

ijad = 1,0 dia. Witeia = 3.5 % 

Cylinders in lower right portion begin to displace 
toward the left. 

load = 1,0 Dbat Nie lid) =e) % 

Extensive arching in oentral portion 

load = 1,3 Ibs, Yield = 4.8 % 

Arching increases in both directions — that ise 

above and below the horizontal referenoe line 


load = 1,3 Lhs3 Mieiide=. igo: oo 
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Figure XX j Figure XX k Figure XX 1 
Figure XX PHOLOGRAPHIC RESULTS. ~ TEST I (CONTINUED) 
Figure XX j Noticeable movement of cylinders in the lower right 
portion of the model, 
Load = 1.4 Lbs, Wielde= 6.2%. 
Figure XX k Failure planes appear at an angle of 65° with the 
horizontal base, Extensive movement of cylinders 
in the lower right section of the photograph, 
Road: =i) mer Yaeld = O55 6 
Figure XX 1 Distinct failure plane appears at an angle of 65° 
with the horizontal and passing through the center of 
the "Wave, Horizontal failure planes appear in the 
lower right hand portion, 
fOade= A peubs. Wield = 210.2) 7% 
DISCUSSION 
As the load increased it was observed that the arching 
efiect began in the center of the model in the vicinity of the 
horizontal reference line, This reference line is the steel rod 


used to apply the load at the 1/3 point above the base, The arching 


- 
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effect progressed upward to the surface, As the load approached 
the maximum value, the arching zone extended below this horizontal 
reference line, Finally the arch collapsed and a pronounaed 
failure plane formed through the crest of the arch as shown in 
Figure XX l, 

This test revealed that three distinct zones were formed 
within the model, Zone one was in the vicinity of the unloaded 
wall,and was shaped in the form of a wedge, It appeared that this 
entire zone moved as a unit and dropped in a downward direction 
at failure, The second zone was characterized in the form of a 
curved sector, This zone contained the central portion of the 
oollapsed arch and included the distinct failure plane, Finally 
the zone in the vicinity of the loaded wall contained cylinders 
which, displaced toward the left by rolling over each other, 
this zone contained noticeable horizontal failure surfaces, 

Figure XXI shows the relation between the applied load 
and corresponding yicld, The scattered points are partly explained 
by the relaxation which occurred when the load application was 
stopped in order to photograph the internal structure, 

A limited field of uniform light intensity and the use of 
non. homogensous material is clearly indicated in the photograph, 
The difference in the sharpness of. the internal stress patterns of 
the cylinders is due to the "olouding" effect. This effect is 
caused by the evaporation of the oil placed on the ends of the 
cylinders, To minimize this effect some of the cylinders were 


brushed lightly with an ox hair brush, By polishing the ends of 
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47 
the cylinders, this effect can be completely eliminated, 

iccentric stress patterns at the periphery of the 
illuminated area are caused by light rays entering the cylinders 
at an oblique angle of incidence, 

Close observation of the photographs will show that the 
stress patterns within the cylinders are changed in highly stressed 
areas, This indicates that there is a possibility of actually 
computing the stresses at point contacts in the vicinity of the 
failure plane, 

At failure, the cylinders at the surface of the model 
were similar, in position, to those shown in Figure XX 1, How- 
ever, the cylinders in the immediate vicinity of the loaded wall 
were displaced upward about ,.25 inches from their original horizontal 
position, This is obviously due to the frictional forces between 


the cylinders and steel vertical wall, 


se 1 
rns es 
A 
a 
i a 
; ' 
° 
id - 
P 7 
5 
_ 
. 
ra 
= 
iB m+ 
. 
Py ee 
at 
« 
Ee 
' 
e 1k 
hs ° 
= -7 
eee on eine t 
‘Moe -~ z . 
. 
’ ¢ 
¢ © mie ras 





TEST 2 
This test was conducted by using the same procedure 
outlined in test 1, with the following modifications, 
1. <A delineascope was used to increase the intensity 
Of Une lacie source, 
2, Light rays were concentrated by placing a 5 inch 
convex. lens between the light source and diffuser, 
53. The base of the model was not restrained by a C+ 
olamp, 
4, Cylinders were stacked to a height of 2 inches below 
the crest of the model, This arrangement contained 
1650 cylindere as compared to 1350 cylinders used 
in test l, 
%- Photographs were taken at 3 minute intervals, 
Photographic results of this test are shown in Figure 


XXII, Tabulated raw data are contained in the Appendix, 
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50 


No load condition with residual stresses in the 


cylinders, 
load = 0,0 Ibs, Yield = 0,0 % 
load = 0.9 Ibs, Yield = 0.9 % 


Slight arching in central portion near horizontal 
reference line, 

Koad 1,0 lbe, Yield = 1.9 % 

Progressive arching in vertical direction ahove 
horizontal reference line, 

load = 1.4 Lbs, Yield = 3.0% 

Arching extends below horizontal reference lines, 
Lower right cylinders begin lateral displacement 

to the lefts 

Inadw=: li faelbe. ered) = p50 6% 

Noticeable "wave" action in central portion, 
Extensive lateral displacement of cylinders occurring 
in left center portion, 

Load = 1.8 Lbs, Mielda=, jac 

Wave action increases, Failure planes appear in 
central portion making an angle of approximately 

63° with the horizontal, 

Load = 2,2 Lbs, Mac lan= ome 6 

Additional wave crest forms near unloaded wall, 
Extensive separation of cylinders near central portion, 
Load = 2,4 Lbs, eae) iy Aare 

Failure plane passing through the peak of the initial 
"wave" crest is visible, 


Lood = 2,1 Ibs, Vicia = c. On, 
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Figure XXII j Figure XAII k Figure XXII 1 
Figure XXII PHOTOGRAPHIC RESULTS — TEST 2 (CONTINUED) 
Figures XXII j and k Formation of visible failure plane through 
the second "wave" crest, 
Load = 1.8 Lbs, Wedd Suse 
Figure XXII 1 Distinct failure planes passing through the centers 
of both "wave" crests at an angle of approximately 
66° with the base, Horizontal failure planes are 
visible in the central portion, 
Load = 1,0 Lbs, Wold = 10.60% 
DISCUSSION 
During the initial stages of the test the effects were 
Similar to those observed in the previous test, However, an 
additional wave crest was formed near the unloaded wall when the 
load was at its maximum value of 2.4 pounds and a corresponding 
macid of 7,4 %, 
Three distinct zones of activity also appeared in this 
test, These zones are more clearly visible as a result of the 


increased intensity of light used, However, the stress patterns 
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52 
Within the cylinders are not as distinct and centered as those of 
Test 1, This is explained by the fact that the light rays were 
not statistically parallel, Although the lens produced more 
lliumination it was detrimental in that it produced rays which are 
not parallel when they strike the diffuser, This effect can be 
minimized by using a more effective diffuser, 

The load versus yield curve,as shown in Figure XXIII, 
contairs a stecper slope and a minimized relaxation cffect, 

A comparision of this curve with that of the previous 
test indicates that. the former contains a maximum ordinate of 2,4 
pounds and the latter a ordinate of 1.7 pounds, The yicld values 
&re similar, 

During the tcst it was noticed that the right side of the 
base of the model raised to a maximum height of .5 inches, The 
clouding effeot, as shown in Figure XXII was also present, 

A increase in the number of cylinders required a greater 
load for failure although the yield in both tests was approximately 
ll percent, 


The maximum load in both tests was reached in 21 minutes, 
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54 
Peol. 

The vurpose of this test was to duplicate the effects 
attained in tests 1 and 2 respectively, Therefore, this test was 
conducted under the same identical conditions as described in the 
preceeding section except that the base of the model was restrained 
by a 0 — olamp and remained ina horizontal position throughout 
the test, 

Photographic sequences resulting from this test are shown 
in Figure XXIV. Corresponding tabulated raw data are contained 


in the appendix, 
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Figure XXIV a No load condition with residual stresses in the 
cylinders, 
Load = 0.0 Ibs, Yield = Geo % 

Figure XXIV b Slight arching in center portion above horizontal 
reberence line, 
Load = 1,0 Lbs, Yield = 0.8 % 

Figure XXIV c Arching progresses in central portion, Cylinders 
adjacent to unloaded wall remain intact, 
Load = 1.7 Lbs, Yield =1.8 % 

Figure XXIV d Arching progresses in vertical direction, 
hoeel & 22) lier. {ele yicl <a Aen vA 

Figure XXIV e Cylinders in right lower section begin to displace 
in a horizontal direction to the left. 
Load = 2,1 bay Wiclde==ae9 7 

Figure XXIV f Arching devclopced to lower quartcr portion of 
photographs, 
lioade=eo) | Lhe, Yield=4.7 % 

Figure XXIV g Pronounocd displaccmcnt of cylinders in right portion 
of photograph, 
Load = 2,1 Lbs, WerG dsp) 7 

Figure XXIV h Pronounced "wave" action with a crest in the central 
porvicnm, 
load = 2.1 Lbs. VGiclel = SAS ve 

Figure XXIV i Progressive wave action continues, 


Load = 2.4 Lbs, Yield=5.9 % 
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Figure XXIV j Figure XXIV k Figure XXIV 1 
Figure XXIV PHOTOGRAPHIC. RESULTS — TEST 4 (CONTINUED) 
Figure XXIV j Failure planes appear making an angle of approximately 
62° with the horizontal, Second wave crest appears 
in center portion, 
load = 2.5 Loa, V4 ldeS16.6 
Figure XXIV k Pronounced failure planes extend through the wave 
crests, 
| Fe -Ks Ua a lal Yield = 7.4% 
Figure XXIV 1 Failure planes with extensive separations of cylinders 
in central portion, 
Load = 1,9 Lbs, Y¥ieldv= 7.0.6 
DISQUSS ION 
In general, the effects produced in this test were similar 
to those produced in the previous tests. The load versus yield 
curve, shown in Figure AXV indicates that the peak of the curve 
however was slightly shifted to the left, The maximum ordinate 
was 2,1 pounds and the corresponding yield was in the neighborhood 


of / percent, The scattered points near the peak are primarily 
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29 
due to relaxation because the readings and photographs were taken 
at one minute intervals in this range, 

A comparison of. the three tests in the dense state indicates 
that the pronounced failure plane always occurred in the same 
viainity. It started at the 1/4 point. of the base of the model and 
extended to the surface at an angle of approximately 65° with the 
horizontal, The angle of this failure plane is principally due 
to the geometrical arrangement of the cylinders, However, it is 
believed that this would also be the angle of internal friction 
é of the material, This could not be verified by a shear test 
because of the limited time available, it is worthy of further 
consideration, 

A comparison of the curves indicates that there seems 
to be a linear relation between load and yield up to a yield value 
of about 2 percent. Beyond this the rolationship is no longer 


linear. 
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TEST 4 

The purpose of this test was to determine the distribution 
of stresses within the model when the cylinders are stacked ina 
loose condition ~ that is ~ each cylinder has four contact points 
as compared to six contact points in the dense state, 

Testing procedure was identical to the one utilized in the 
dense state, The cylinders were stacked to a height of 2 inches 
below the crest of the model, This arrangement required 1444 
cylinders, Essentially the porosity was increased by approximately 
12 percent, 

Preliminary tests revealed that most of the internal 
activity within the model occurred in a region extending from the 
loading wall toward the centsr of the model, As a result the 
photographs were taken to include the loaded wall as the right 
boundary, the base of the model as the lower boundary and include 
approximately 70 Percent of the model, Photographic resulta are 


shown in Figure XXVI, Tahulated raw data are found in the Appendix, 
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figure AXVI 





Figure XXVI PHOTOGRAPHIC. RaovULTS — T 


Figure XXViI a 


Figure XXVI b 


Figure XXVI o 


Figure XXVI d 


Figure XXVI e 


Figure XXVI f 


Figure XXVI ¢g 


Figure XXVI h 


Figure XXVI i 


No load condition with residual stress patterns, 


load = 0.0 Lbs, Yield = 0,0 % 
load = 0,43 Lbs, Yield = 0.6 % 
load = 0,3 Lbs, Yield = am % 


Noticeable leaning of all oylinders to the left, 
load = 0,2 Lbs, Yield wee) 4 
Slight arching near. loaded wall, 

load = 0,1 Lbs, Yield = 3,2 % 

Load = 0,1 Lbs, Yield =1se9 % 
Arching increasing in vertioal direction ahove 
horizontal reference line, 


bocce = OO.) Lba ene Gh = ae 


Cylinders. in vicinity of horizontal referenoe line 


begin "rolling" movement to the left, 


Load = 0,0 Ibs, Yield = 5,5 % 


Arching progresses below horizontal reference line, 


Load = 0,1 Lbs,(compresaion) Yield = 6.7 % 


62 


i 





ge 


e 


tra 





arn 


CPAP Oem Oo 
BOO! © @ « “@ 
2 or a 


- 
e 


« 
Fes 
oa 
— 
: 


= « t 
HE HEE 
y. ’ 
acne f 
~i3é 5 Saart 


ae / 
+ 
A 
> 


St ecvevvvevegnwed 4 


See ee ©CouvuvesdIddwd 
®@ee6 8 @evewew Wd @& 
*eeedqe2u wows ow 


wat @ 


> 6 


ou ID» 
oe ‘ 
~ © @ @ & @ & €) es CORTE tn aoe j 
eee oe & Ow 





Figure XXXVI j Figure XXVI k Figure XXVI 1 
Figure XXVI PHOTOGRAPHIC RESULTS. —- TEST 4 (CONTINUED) 

Figure XXVI j} Sudden failu:e of model accompanied by extensive 
inward movemont. of loaded wall, Inclined failure 
plane at approximately 62° with horizontal base, 
Visible horiventval failure planes an viciniiy vot bago. 
Load = unknown NGKE Ts = 1 

Figure XXVI k Top surface immediately adjacent to loaded wall, 

Figure XXVI 1 Middle third section of model adjacent to loadod wall, 

DISCUSSION 
During the initial stages of loading, continuous observation 
of the cylinders revealed that the cylinders would "lean" toward the 
left as the amount of yield increased, Ata load of ,1l pounds and 

a oorresponding yield of 3,2 percent slight arching appeared in 

the vicinity of the loaded wall, Progressive arching was sub— 

sequently accompanied by a "rolling" movement of the cylinders in 

the vicinity of the horizontal reference line, This effect inoreased 

in magnitude until a yield of approximately 8 percent was reached, 


At this point sudden failure occurred as shown in Figure XXVI j, 
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The extensive wall displacement which occurred between Figures 
XXVI 1 and XAVI j respectively is duc to the weight of the loaded 
wall, As shown in the tabulated values, the horizontal loading 
ring at this point was indicating a oompressive force rather than 
eeeonsile force, 

This failure was characterized by a downward displacement 
of the central portion of the model with a corresponding rise of 
the cylinders in a zone adjacent to the loaded wall, Sxtensive 
separation of the oylinders ocourred in the lower third portion, 
The failure plane appears to follow a direction which is parallel 
to the loaded wall, 

The relationship between the load and corresponding yield 
is shown in Figure XAVII, Valuscs for the compressive force were 
interpolated from a calibration curve, Maximim ordinate for the 


tensile load was ,% pounds, 
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TEST 5 
Since the weight of the loaded wall greatly influenced 


the mode of failure in test 4, the writer decided to conduct a 
test which would eliminate this effeat, This was accomplished in 
the following manner: 

l. A piece of strong, flexible twine was tied to the 
loaded wall near the top, 

2. The twine was extended in a horizontal direction, 
normal to wall, to a distance of 18 inches, At this 
point it was supported by a 1/2 inch diameter rod, 
placed normal to the direction of the twine, 

53 Al pound weight was attached at the other end of the 
twine, 

Except for this slight modification, the testing procedure was 
the same as described in test 4, 
Photographic results are shown in Figure XXVIII, The 


tabulated raw data sheets are found in the Appendix, 


“h 


S - 
be Wo 
wee Des 
-, 
2 ioe 
. 
= . 
. . 
. 
' 
eine 











G7 


Fam From 


EE RAKLAAAARAAR i 


~—™UW®RA®W™~S*NI® 


FOF FE FO NRAAARMAURNE DG 6'O@ 
~ ARMA aAAS® 


CFP ETP ERARAARARRAMMES® 
, ol ae a! Ae 


of 6 gm, am 


FOPAP AE RAR ARAN i a i | 


in id 









ea at Po to vet. ee ee | 
Yo. vow 7. 7.9 ~~ ~ ~ a 
fa Ge @n i | 
SAAD 
veDonse a | 

Sas Oe be 
em Tne 2 are 


Dict kiat 
F444 44.4 al 


avotanoe Ya 





Hi 


pha 4-4 po os 4 "= 


Bot Fem Fe ty 59 a0 ae Me Ph Me ah sb so cio 


+ . epee + eee 
escessnoceuaaacnn 
$4 4444444 3208 


& 
+++44 bh: 
esti: 
eesssesssese: 
+ »s 
+3 
++ 
33 


+4444: 

+444: ye 
Rbogenehtaaas: 
a +44 44444444444 


i et ee ee ee 
ee ee oe ee 


"] . 
sae %edea 
| eo t#ee 


@ 
i i et ee et et ee 


Pr Le ee oe oe 
Te i i ae 


LPR 
, 
9 u 


"Ad 
: 
e 


4 
LY, 
bd 


Le Bead 
wou 
sd 


os 
eEoe 


€ 

& 
d 6 
S +-J 
< 
a i) 
+ 4 

-y 


tr) 


: 
~ 


eee eevuUUuuUuUUY 
@® &e e&& wwuetvu\ 





=® 6% @® 


CeRCLUSORS 
AA eed ed ee ee ee oe ee 


3695319:9: 
SSULIEDLD SVD. 
Dade nnarn: 
IOEBEOOROORDOD, 
rs SOHOSEDOOSROOD 


50 


es 









+ 
‘++ 
+ 
+ 


@® &e @ & & & a ww w 
eee ewwuevwuwuuw 
eee VY UYU UVUS 


Eee 









ee ewyw ws 
eee eeevuwuuwue 








fapure AAV] a 


Figure XXVIII. c 
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XXVIII 


XXVIII 3 


No load condition with residual stress patterns, 


Load = 0,0 Lbs, 
load = 1.7 Lbs, 


Load = 2,9 Lbs, 


Yield = 0,0 % 
Yield = 0.9 % 


Yieide=s2.1 % 


Noticeable shifting of cylinders to the 


Wave" begins to form near loaded well, 


Load = 4./ Lbs. 


Victdwemo.> % 


"Wave" action progresses to the left. 


Load = 3,4 Lbo 
Load = 2.4 Lbs. 


Load = 2,1 Lbs 


Crest of "wave" increases near the loaded wall, 


load =. 2.0 Lbs. 


lead 2.205. Los, 
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Nala ld =aoeoe. 


¥ield ="6,1 % 


Yield = 9.3 % 
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Prpine wn V1 UL. 5 Figure XXVIII k Figure XXVIII 1 
Figure XXVIII PHOTOGRAPHIC RESULTS — TEST 5 (CONTINUED) 

Figure XXVIII j Noticeable separation of cylinders in central 
portion above horizontal reference line, 
losde=-.0 (Lbs, Yield = 10.5 7% 

Figure XXVITI k Failure of fill material, Maximum separation of 
cylinders in vicinity of "wave" crest. Cylinders 
assume a dense state, 

Load = unknown Vieide= ey 

Figure XXVIII 1 Position of cylinders near unloaded wall. 
Pronounced separation of cylinders along horizontal 
planes in central portion, 

DISCUSSION 
In general, the internal effeats were similar to those 

observed in test 4, Arching began at a load of 3.7 pounds and a 

corresponding yield of 3.3 percent, As the yield increased the zone 

of arching also increased until a sudden failure occurred at a yield 

ei it,/ percent, a 


The relationship between tne load and corresponding yield 
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“Ee 
are shown in Figure XXIX, The average curve indicates that the 
relationship is approximately linear as the load approaches its 
maximum value, Beyond this point the relationship is no longer 
linear, For yield values greater than 10 percent the load remained 
constant at a value of 2,1 pounds, lLlarger loads were required 
because of the suspended weight and friction between the twine and 
supporting rod. Compressive forces were completely eliminated, 

Although failure occurred in the vicinity of the arch, it 
was morc noticeably complex than the failure observed in test 4, 
This verified the fact that the weight of the wall greatly influenced 
the manner of failure in test 4, 

At failure, cylinders located at the surface of the model 
near the unloaded wall were at the same elevation as originally 
placed, The cylinders in the central portion shifted downward a 
distance of ./5 inches while the cylinders near the loaded wall 
moved down a total distance of 1 inch from their original positions, 

A comparison of both tests, in the loose state, revealed 
that the cylinders initially "lean" in a direction toward the un- 
loaded wall as the yield was increased, The arching effeot was 
then induaed, which in turn was followed by a sudden failure in the 
vicinity of the arching zone, 

These tests indicate that the failure, in a loose condition, 
was caused by the magnitude of the yield rather than the magnitude 


@reuhe load, 
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PART VI 
CONOLUSIONS 

This section of the study is concerned with the conclusions 
reached after consideration had heen given to the results of this 
study superimposed on the information available in the literature 
Gited, 

Attention is invited to the fact that this study was of a 
basic nature and that the time available for its accomplishment 
precluded the number of tests that. could be conducted, Therefore, 
the conclusions listed below are based on a limited number of 
tests and are presented in general terms, as tenative, 

1, Photoelastic analysis can be successfully applied in 
the study of shear stresses within the fill material 
in cofferdars, 

2, In the dense state, two directions of failure were 
noticed, namely ~ one inclined at an angle of approx— 
imately 65° with the horizontal, and the other in a 
horizontal direction, The former began at the 1/4 
point of the base from the unloaded wall and extended 
to the surface, The latter extended from the loaded 
wall and terminated at the inclined failure plane, 

43. The inclined failure planes passed through the crest 
of the "waves" which were formed, 

4, Failure in the dense state is primarily controlled by 
the magnitude of the applied load, whereas the failure 


in a loose state is primarily due to the yield magnitude, 
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i 
In the dense state three zones are formed, Zone one 
near the unloaded wall is wedge shaped and moves as 
a unit, done two, which is located in the central 
portion, containes the pronounced failure plane resulting 
from a collapsed arching effect, Finally, the third 
zone near the loaded wall contains horizontal failure 
planes, 
Failures of the fill material placed in a loose 
condition is more complex than that of the fill 


material placed in a dense state, 
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PART OV LI 
RECOMMENDATIONS 
The author recommends continued study of this type aimed 
at a quantitative analysis based on the following suggestions: 
1. Polishing the ends of the cylinders, 
2, Refinement of the polariscope to include: 

a. more intense light source with appropriate 
diffuser to increase the range of uniforn, 
parallel, light rays. 

b., use of monochromatic light, 

5. Statistical arrangement of homogeneous cylinders, 
4, Use of assorted diameter sizes to include the effect 
of particle size, 
5e Conduct similar tests with a uniform suroharge, 
6, Evaluate the angle of internal friction of the material, 
{. Construct a model with both hinges on the outside of 
the vertioal walls, 
&, Use a motion picture camera to eliminate the effeot 
of relaxation, 


9, Utilizing a model with flexible walls, 
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PART IX 
APPENDIX 


TABLE I 


Hor, Loading | Hor, | Hor,Dial 
Ring 7 Readin 
in, xX 10 ? aie gre. 10 





REMARKS.: 
1, Horizontal deformation was read at the quarter point 


above the base and multiplied by 4 to indicate horizontal 
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TABLE I ( CONTINUED) 


deflection of the crest, 


2. The following abbreviations have been used in all 
tables, | 

Hor, — Horizontal 

Def, ~ Deformation 

Min, ~—~ Minutes 

In, — Inches 
%, Gompution for yield, 


4, 


Yield in percent = oo x 100 
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These remarks are applicable to all tests, 
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TEST NUMBER 2 


TABLE. 2 


Hon, Loading | Hor.) Hor. Dil 
Ring Reading 
in, x 10°? in,x 102 
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Hor, Loading 
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in, x 102 











Reading 
in.x 102 
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Hor. Loading| Hor, 
Ring 
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TABLE 3% (CONTINUED) 
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TEST NUMBER 4 


TABLE . 4 


hor, Disdivenor. 
Reading 
tate 1G) 
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TABLE 4 (CONTINUED) 


Hor, Loading Hor, 
Ring 
in, x 10? 


1. 


Reading 
sb Vere US) 


Negative forces are compressive forces, 
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TEST NUMBER 5 
TABLE 5 
Hor, Dial 


Reading 
si ge, eae 6B) 
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TABLE 5 (CONTINUED ) 


Hor, Loading! Hor,| Hor, Dial 


Photo 
Ring _. Reading : 
aiex 107 


in,x 10 
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TECHNICAL DATA 

Hysol 6000A is a synthetic material based on epoxy resins 
which are thermosetting in nature, The permeability of moisture 
vapor is low and freedom from internal strains is exceptional, 
They possess excellent dimensional stability. 

1. Color — 6000A ~ Transparent ambor 

Gemeoogcitic gravity = 1,2] 

54. Tensile strength psi.~ 12,200 

4, Compressive strength psi, 12,200 

5. Modulus of Elasticity psi.~ .455 x 10° 

6. Water absorption % 6 months ~ ,09 

MACHINING HYSOL QAST EPOXY RESINS 

Hysol materials can be machined with excellent results 

using standard machine shop equipment, 
GENERAL SUGGESTIONS 

1, Medium to high speeds with low rates of feed, 

2, Carbide tipped tools 

43. Correct grinding of cutting tools 

4, Stone tool to remove feather edge, or work will 

chatter and chip, 
5. Support work to prevent material from flexing or 
springing away, 
6. Control heat buildup, 
Sawing For general purposes, 12 to 14 teeth per inch is 


satisfactory, Thiakness of piece will govern the selection of the 
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saw and number of teeth, Cutting may be done with a cut-off wheel 
such as Carborundums! A24-R-Fx2RS, 3/32" thick by 10" diameter 
or Carborundums! TC60—Q-B5. 

Milling, shaping, et cetara may also be performed, The 
operator or machinist can best determine the type and style of 


tool, depending on equipment available and results required, 





























